Mitochondrial dysfunction has been shown to contribute to age-related and proliferative retinal diseases. Over the past decade, the primary human fetal RPE (hfRPE) culture model has emerged as an effective tool for studying RPE function and mechanisms of retinal diseases. This model system has been rigorously characterized and shown to closely resemble native RPE cells at the genomic and protein level, and that they are capable of accomplishing the characteristic functions of a healthy native RPE (e.g., rod phagocytosis, ion and fluid transport, and retinoid cycle). In this review, we demonstrated that the metabolic activity of the RPE is an indicator of its health and state of differentiation, and present the hfRPE culture model as a valuable in vitro system for evaluating RPE metabolism in the context of RPE differentiation and retinal disease.
Introduction
Interposed between the neural retina and the choroidal blood supply, the retinal pigment epithelium (RPE) plays a critical role in maintaining metabolic homeostasis in the outer retina which is essential for normal photoreceptor activity and health (reviewed in ). The RPE regulates ion, pH, and fluid homeostasis in the interphotoreceptor space (Hughes et al., 1998) , transports nutrients to and metabolic waste products from the retina (Bergersen et al., 1999) , processes retinol into 11-cis-retinal (Lamb and Pugh, 2004) , phagocytizes shed photoreceptor outer segments (POS) (Kevany and Palczewski, 2010) , secretes neurotrophic factors to maintain photoreceptor integrity (Steele et al., 1993) , and forms the outer blood retina barrier . All of these specialized functions of the RPE depend on the expression and polarized distribution of receptors, transporters, channels and enzymes, many of which are markers of differentiated RPE.
In various systems, cells undergo a metabolic shift from glycolytic to oxidative metabolism as they advance through stages of differentiation (Agathocleous and Harris, 2013; Agathocleous et al., 2012; De Pauw et al., 2009; Porter et al., 2011) . A glycolytic phenotype allows the cells to rapidly generate metabolic intermediates and energy needed to actively proliferate and migrate (Lunt and Vander Heiden, 2011) . However, as cells mature and differentiate, they rely on oxidative metabolism to sustain specialized cellular functions (Agathocleous and Harris, 2013) . Disruption of mitochondrial biogenesis in the RPE of a postnatal mouse resulted in a shift in cell metabolism, from oxidative respiration to aerobic glycolysis, that was accompanied by a loss of RPE specific genes (Zhao et al., 2011) . With the association between RPE mitochondrial dysfunction and many genetic and age-related ocular diseases (Feher et al., 2006; Nordgaard et al., 2008; Rath et al., 2008; Tyni et al., 2004; Udar et al., 2009) , one may postulate that restoration of normal RPE metabolism could be a useful therapeutic strategy for these blinding diseases.
In this review, we demonstrate how RPE metabolism and differentiation can be evaluated in a primary human fetal RPE culture model. We show how siRNA-mediated gene knockdown (KD) can be used to study key metabolic pathways involved in RPE differentiation and highlight the tools that can be used to evaluate changes in RPE metabolism.
Human RPE cell culture as a model for studying RPE differentiation and metabolism
To date, there exist a number of primary cell culture systems (fetal and adult) (Blenkinsop et al., 2013; Gamm et al., 2008; Hu and Bok, 2001; Maminishkis et al., 2006; Sonoda et al., 2009; Valtink and Engelmann, 2009 ) and cell lines (e.g., RPE-J, D407, and ARPE-19) (Davis et al., 1995; Dunn et al., 1996; Nabi et al., 1993) that have been used to evaluate basic RPE function as well as the molecular mechanisms underlying RPE-associated diseases. While the RPE culture system is convenient because it can be easily massproduced and experimentally manipulated, validation of these culture models for known properties of RPE function and physiology is essential. Among the most extensively characterized RPE cell culture model is the primary human fetal RPE first established in Dr. Dean Bok's laboratory (Hu and Bok, 2001; Pfeffer, 1991) and later modified in Dr. Sheldon Miller's laboratory (Maminishkis et al., 2006; Maminishkis and Miller, 2010) . These two model systems differ in the methods used for isolation of fetal RPE cells and the culture medium used to grow these cells. Regardless, with both approaches, hfRPE cells re-establish pigmented epithelial monolayers with apical microvilli that express key mRNA, miRNA Liao et al., 2010; Strunnikova et al., 2010; Wang et al., 2010) , and proteins essential for RPE function , exhibit proper protein polarity of ion channels and transporters (Adijanto et al., 2009; Maminishkis et al., 2006) , phagocytize rod outer segments (Castorino et al., 2011) , metabolize retinol (Flannery et al., 1990; Hu and Bok, 2013) , secrete growth and neurotrophic factors in a polarized manner (Castorino et al., 2011) , establish tight and adherens junctions (Economopoulou et al., 2009; Peng et al., 2010; Peng et al., 2011) , and mediate vectorial transepithelial transport of fluid (Castorino et al., 2011; Li et al., 2009; Maminishkis et al., 2006) . Genomic analysis by microarray revealed that the mRNA expression profile of cultured human fetal RPE cells closely resembles native fetal RPE cells and adult native RPE cells (Strunnikova et al., 2010) .
In Dr. Miller's hfRPE culture model, native hfRPE cells from donors at 16-22 weeks of gestation were manually dissociated from the eyecup and trypsinized and seeded onto flasks (Passage 0; P0). hfRPE cells were cultured for 4 weeks during which time the cells reestablished a highly pigmented monolayer before they were dissociated from the flasks and re-seeded onto 12mm transwell filters (Passage 1; P1 at 200k cells/well) where RPE cells again proliferate and migrate. Upon contact with adjacent cells, RPE cells initiate a "redifferentiation" program (or "re-morphogenesis"; see (Burke, 2008) for review) to establish tight junctions and begin expressing key RPE genes and proteins (e.g., bestrophin1 (BEST1), MCT3, RPE65) . This process typically takes 3-4 weeks, but can be accelerated or slowed depending on cell seeding density. Passage 2 (P2) primary hfRPE cells seeded at high density (30%; 160k cells/cm 2 or more) can differentiate in 10-14 days, while cells seeded at lower densities (~15%; 80k cells/cm 2 ) typically take 3-4 weeks to differentiate. While hfRPE cells from different donors exhibit some variability in the time it takes them to differentiate, it seldom deviates far from this range. It is important to note that primary RPE cells can only undergo a limited number of divisions before they lose their capacity to re-differentiate Grisanti and Guidry, 1995) and hfRPE cells seeded at less than 5% density will not differentiate into a functional RPE monolayer, regardless of the time spent in culture. As a reference, Figure 1 presents the morphology of P2 hfRPE cells seeded at a range of densities (from 2% to 60%) cultured for 21 days in a 96-well plate. In this batch of cells, hfRPE cells seeded at 30% and 60% densities achieved proper cobblestone morphology. Cells seeded at 15% density require more time to differentiate, and hfRPE cells seeded at 7.5% and below had completely lost their ability to differentiate and are referred to as dedifferentiated hfRPE cells. Notably, P2 dedifferentiated hfRPE cells do not re-differentiate even when seeded at high densities (30-60%) in passage 3. In the experiments presented in this review, we compared the metabolism of P2 hfRPE seeded at or above 30% density and cultured over 2-3 weeks to achieve RPE differentiation to that of P2 hfRPE that dedifferentiated after seeding at or below 5% density and cultured over 2-3 weeks.
The role of glycolysis and oxidative metabolism in RPE differentiation
In the hfRPE culture model, we can take advantage of the difference in hfRPE seeding density to evaluate the metabolic profiles of early vs. late stage hfRPE differentiation. P1 hfRPE cells seeded at either high (30%) or low (15%) densities will both be fully confluent by the seventh day in culture, however hfRPE cells seeded at 30% density will be at a more advanced stages of differentiation than cells seeded at 15% density, as it more closely resembles the characteristic hexagonally-packed RPE morphology. Previous studies showed that cells at early stages of differentiation are highly glycolytic, whereas cells at late stage differentiation require oxidative metabolism to achieve maturity. To test these observations in the hfRPE model, we inhibited glycolysis in hfRPE cells by siRNA KD of lactate dehydrogenases, LDHA and LDHB, which catalyzes the conversion between pyruvate and lactate. This strategy was chosen because it does not block glucose metabolism in its entirety, instead it shunts pyruvate into the TCA cycle. To inhibit oxidative metabolism, we knocked down succinate dehydrogenase isoform D (SDHD) because it is an important enzyme for both the TCA cycle and electron transport chain (ETC). Silencing LDHA and LDHB or SDHD did not cause RPE cell death or alter epithelial morphology in 15% or 30% seeded hfRPE cells compared to control.
As expected, we found that KD of LDHA and LDHB in 30% density hfRPE cells ( Figure  2A ) resulted in increased RPE-specific gene expression (Claudin10 (CLDN10) and RPE65; Figure 2B ), suggesting that inhibiting glycolytic activity promotes late-stage RPE differentiation. In 15% seeded RPE cells, which correspond to an earlier stage of RPE differentiation, KD of LDHA and LDHB ( Figure 2C ) resulted in a decrease in RPE-specific gene expression (BEST1 and MCT3; Figure 2D ). The results of these experiments are consistent with the notion that glycolysis is important for early stage RPE differentiation, but its activity must be gradually decreased for late stage RPE differentiation to proceed. 
Methods for evaluating RPE metabolism

Ringer Solution
Evaluation of RPE metabolism was achieved using a Ringer's solution that did not contain other potential metabolic fuels (besides glucose) that are present in the MEM medium: vitamins, amino acids, phenol red (pH indicator), and supplements. While many Ringer solution recipes have been formulated for evaluating hfRPE physiology, the ideal Ringer solution is one that closely mimics the ionic composition, osmolality (300 mOsm/kg H 2 O), and pH (7.4) of the culture medium in which the cells have been cultured. For hfRPE cells cultured using Miller's protocol, we use Ringer solution composed of NaCl (116.5 mM), NaHCO 3 (26.2 mM), KCl (5 mM), MgCl 2 (0.5 mM), CaCl 2 (1.8 mM), HEPES-NMDG (12 mM HEPES dissolved in DI H 2 O in a separate beaker and titrated to pH 7.4 with a base, NMethyl-Dglucamine (NMDG)), and glucose (5 mM). In practice, glucose is excluded from the Ringer and added separately prior to the experiment. Prior to sterile filtration, Ringer solution is equilibrated by passing the solution with 5% CO 2 (balance air). When fully equilibrated, the final pH of the Ringer will be 7.4. Glucose-free Ringer can be stored at 4°C for up to 4 weeks. Variations of this Ringer's solution are routinely used in electrophysiological and fluorescence imaging studies of the hfRPE culture model in the Miller lab (Adijanto et al., 2009 ). Furthermore, this Ringer's solution can substitute for the basal MEM culture medium. HfRPE cells differentiate when cultured in this Ringer solution supplemented with insulin-transferrin-selenium (ITS), taurine-hydrocortisone-triiodothyronin (THT), glutamax®, nonessential amino acids, and heat-inactivated (HI) FBS (5%).
Evaluating hfRPE metabolism by measuring lactate release
From previous studies, it is known that the state of RPE differentiation correlates with its metabolic activity -dedifferentiated hfRPE cells are glycolytic whereas differentiated hfRPE cells are oxidative. This difference in metabolism can be easily detected by measuring lactate concentration in RPE media using a colorimetric assay (Trinity Biotech PLC; Cat#: 735-10), and determining the change in lactate release by the RPE in response to a mitochondrial inhibitor, antimycin A. Cells that rely on oxidative metabolism will respond to antimycin A with a significant increase in lactate release, whereas cells that rely primarily on glycolysis will not. As expected, we found that addition of antimycin A (20 nM; an ETC inhibitor) to differentiated hfRPE cells (seeded at 30% and cultured over 21 days) significantly increased RPE lactate production and release (Figures 3 A & B) , whereas addition of antimycin A to dedifferentiated hfRPE cells (seeded at 2% and cultured over 21 days) had a small but insignificant effect. This difference in metabolism is in part due to the lower mitochondrial density in dedifferentiated hfRPE cells, as indicated by the low expression of mitochondrial protein (complex III) ( Figure 3C ).
Evaluating hfRPE metabolism using Seahorse XF24 bioanalyzer
A more dynamic and direct measurement of RPE metabolism is by determining the rate at which RPE cells consume oxygen (which reflects oxidative metabolism) and release protons (which reflect glycolytic activity due to lactic acid release) using the Seahorse XF24 bioanalyzer (Seahorse Bioscience). With this technique, substrate utilization by RPE cells for oxidative metabolism is reflected by an increase in oxygen consumption rate (OCR) and decrease in extracellular acidification rate (ECAR). It is important to note that in this system, OCR and ECAR are measured in CO 2 /HCO 3 -free condition. This is achieved by replacing all NaHCO 3 in the Ringer with an equimolar amount of Na-gluconate. The solution must not be equilibrated with CO 2 . HEPES in the Ringer helps maintain physiological pH at 7.4, although the strength of the buffer will render ECAR measurements ineffective. In our experience, hfRPE health deteriorate rapidly in the absence of HCO 3 (signs of cell detachment can be observed after 1.5hr in CO 2 /HCO 3 -free Ringer), thus the Seahorse experiments with hfRPE cells should begin and end within an hour. In our studies, differentiated or dedifferentiated hfRPE cells were incubated in CO 2 /HCO 3 -free Ringer containing glucose to obtain a baseline OCR measurement (3-4 reads at 6.5 min intervals). Next, Ringer solution containing Na-lactate or Na-gluconate (50 mM) was injected into the medium for a 10-fold dilution to achieve 5 mM final lactate (or gluconate) concentration. Using this technique, we showed that differentiated hfRPE cells could use lactate as a substrate for oxidative metabolism, as shown by the dramatic increase in OCR by 31 ± 5% in Figure 4 . In addition to lactate, RPE metabolism of other mitochondrial substrates (e.g., pyruvate, ketones, amino acids, fatty acids) can be evaluated with this technique.
Evaluating RPE metabolism by measuring the rate of NADH and NADPH production
The Seahorse Bioanalyzer allows one to directly measure oxidative metabolism, but it does not provide any insights into how the RPE can utilize glucose in other metabolic pathways, such as the pentose phosphate pathway (PPP), which is responsible for synthesis of glutathione (an antioxidant), lipid, cholesterol, and ribose 5-phosphate (precursor for DNA and RNA). By measuring the rate of NADH and NADPH production (using a water-soluble form of the tetrazolium salt; purchased from Biolog Inc.) in the presence or absence of small molecule inhibitors of metabolic pathways ( Figure 5A ), we can indirectly determine how glucose (or other substrates; e.g., lactate) is utilized in differentiated vs. dedifferentiated hfRPE cells. Other tetrazolium salts may also be used in place of Biolog's reagent, and resazurin (Alamar Blue Reagent) for example offers a highly sensitive alternative for measuring NADH production.
In these experiments, hfRPE cells were seeded (at 30% density; 50k cells/well) on 96-well plates and allowed to differentiate over 21 days. As a visual guide of RPE differentiation, one can look out for formation of "fluid-filled domes" on the RPE monolayer as indication of RPE fluid transport, which occurs only after hfRPE cells have established tight junctions and apical-basolateral polarity. One day prior to the experiment, hfRPE media was replaced with pre-warmed glucose-free CO 2 /HCO 3 -buffered Ringer's solution containing ITS and 5% HI FBS and incubated overnight at 37°C and 5% CO 2 -this step allows the RPE cells to equilibrate in a substrate-free environment. In a separate experiment with hfRPE cells on transwell filters, overnight incubation with the same glucose-free Ringer did not decrease transepithelial resistance compared to Ringer containing 5 mM glucose (data not shown). On the next day, hfRPE cells were pre-treated with various metabolic inhibitors for 30 min before injecting a mixture of glucose + 6X Biolog Reagent (Biolog Inc.; Cat: 74351). Other metabolic substrates such as lactate and pyruvate, can also be evaluated. The plate was incubated at 37°C and 5% CO 2 and absorbance (AU) at 590 nm were recorded every 30 min over 2 hours (4 time points). Absorbance values were plotted against time to obtain metabolic rate (ΔAU/hr). From this experiment, we found that differentiated hfRPE cells produced NADH much more rapidly from glucose than mitochondrial substrates, lactate and pyruvate ( Figure 5B ), consistent with the faster kinetics of glycolysis compared to oxidative metabolism (Pfeiffer et al., 2001) . Our results also suggest that dedifferentiated hfRPE cells do not possess a strong capacity for metabolizing lactate or pyruvate ( Figure 5C ), consistent with our findings with the Seahorse experiment.
While hfRPE cells can rely on oxidative metabolism as a source of energy, we found that differentiated hfRPE cells are exquisitely sensitive to iodoacetate (GAPDH inhibitor (Sabri and Ochs, 1971) ), which effectively reduced the rate of NADH and NADPH production to zero ( Figure 5D ). Glucose metabolism in hfRPE cells was inhibited by 2-deoxy-D-glucose (an inhibitor of glycolysis; (Wick et al., 1957) ) and its metabolism was completely blocked by 3-bromopyruvate, a specific Hexokinase 2 (HK2) inhibitor (Mathupala et al., 2006) . On the other hand, dedifferentiated hfRPE cells were more resistant to iodoacetate and 3-bromopyruvate inhibition ( Figure 5E ), suggesting that dedifferentiated hfRPE cells possess metabolic flexibility that allows them to derive NADH through other pathways when glucose is limited. Another interesting observation is that inhibiting glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme in the PPP, in differentiated hfRPE cells decreased the rate of NADH and NADPH production by ~50%. In contrast, dedifferentiated hfRPE cells responded to the same treatment with a smaller decrease in metabolic rate by ~20%, suggesting that a large fraction of glucose consumed by differentiated hfRPE cells enters the PPP. This is consistent with earlier findings in human RPE using 13C-labeled glucose in nuclear magnetic resonance (NMR) analysis (Miceli et al., 1990 ) and the role of RPE cells as an active producer of reduced glutathione (Davidson et al., 1994) , a potent antioxidant that helps protect the RPE and retina from oxidative damage.
Although this technique can be used to evaluate how hfRPE cells utilize glucose or other metabolic substrates, it is important to note that cells possess a certain level of metabolic flexibility -inhibition of a specific metabolic pathway can induce a shift to other energy (and NADH) producing mechanisms that could potentially confound the results from these experiments. As an example, inhibition of oxidative metabolism in hfRPE cells using antimycin A increased the rate of NADH production ( Figure 6A ). This may seem counterintuitive at first because inhibition of the TCA cycle should decrease NADH production, but instead hfRPE cells adapted by shifting its metabolism to rapidly metabolize glucose via glycolysis (as we know from its lactate release; Figure 3 ). On the other hand, antimycin A abolished NADH production in hfRPE cells given pyruvate, a direct mitochondrial substrate ( Figure 6B ). Dedifferentiated hfRPE cells did not effectively metabolize pyruvate (with barely detectable basal levels) and what little metabolism we measured, was unaffected by antimycin A.
Perhaps the most quantitative method for metabolic analysis of RPE cells can be achieved by using 13-carbon metabolic analysis. In this technique, RPE cells are incubated in Ringer solution containing 13C labeled substrates (e.g., glucose, lactate, lipids) over various time points (ranging from 5 min to 2 hr) before cells are harvested for 13C-labeled metabolite analysis using high performance liquid chromatography, gas-chromatography/mass spectrometry. From these experiments, it is possible to determine how glucose is incorporated into various metabolic pathways (Amaral et al., 2011) : TCA cycle (e.g., citrate, succinate, fumarate) (Chertov et al., 2011) , PPP (Crown et al., 2012) , amino acid synthesis pathways (e.g., alanine, glutamate, aspartate) (Chertov et al., 2011) . These techniques are wellestablished (see (Zamboni et al., 2009 ) for detailed protocol) and are routinely performed in many laboratories and metabolomics core facilities. Notably, this approach has been applied to study glucose metabolism in the neural retina (Chertov et al., 2011) . 13C-labeled glucose analysis has been performed in cultured human RPE to evaluate 13C lactate release and metabolites in the PPP using NMR (Miceli et al., 1990) .
Summary
We highlighted several tools (lactate measurement, Seahorse bioanalyzer, NADH and NADPH production rate) that can be used to evaluate RPE metabolism. From our experiments and those of others, it is apparent that RPE differentiation is associated with an increase in oxidative metabolism, and that interfering with oxidative metabolism inhibited RPE differentiation. However, beyond using the metabolic activity of the RPE as an indicator of its health and state of differentiation, the techniques highlighted here can be applied to evaluate how disease conditions (e.g., chronic oxidative stress and/or inflammation in age-related macular degeneration) could disrupt RPE metabolism, potentially causing a switch from oxidative to glycolytic metabolism. At the next level, one may perform a screening of promising compounds (e.g., antioxidants) in hfRPE cells to identify effective strategies that could prevent disease-induced metabolic switch, and better yet, reverse it. For these future studies, we present the hfRPE cell culture model as a wellestablished and extensively characterized in vitro system suitable for evaluating RPE metabolism in the context of retinal disease.
Abbreviations hfRPE
Human Fetal Retinal Pigment Epithelium 
MCT
Monocarboxylate Transporter
P0
Highlights
-
We show that primary human fetal RPE is a viable model for studying RPE metabolism.
We highlight various tools and techniques that can be used to evaluate RPE metabolism.
We show that RPE differentiation involves a shift from glycolytic to oxidative metabolism.
We demonstrate that blocking oxidative metabolism inhibits RPE differentiation.
Figure 1. Morphology of hfRPE cells seeded at various densities
Fully differentiated P1 hfRPE cells on transwells were trypsinized and re-seeded into 96-well plates at 60, 30, 15, 7.5, 3.75 , and 2% densities. They were cultured in complete hfRPE culture medium (Advanced MEM (Gibco; cat# 12492) supplemented with PenicillinStreptomycin, Glutamax ® , THT, and 5% HIFBS). Media were replaced three times a week and images were taken at 10X magnification on 21 days post seeding. P1 hfRPE cells were seeded at (A) low (15%) or (B) high (30%) densities to mimic early and late stage differentiation, respectively. Cells were transfected with LDHA and LDHB (20 nM each) or SDHD (40 nM) siRNAs using Dharmafect 4 (0.2%), once upon seeding and another two days post seeding -this transfection protocol has been published in our previous work . Each condition was represented by three technical replicates. RNA was isolated seven days post-transfection, and the samples were evaluated for RPE-specific gene expression (BEST1, CLDN10, MCT3, and RPE65) using qRTPCR. RPS18 was used as endogenous control for delta-Ct-Ct analysis. P < 0.05 is considered statistically significant. Primer sequences for RPE-specific genes and RPS18 have been published . P1 hfRPE cells were seeded on seahorse XF24 assay plate at 45% density and were cultured over 10 days to achieve RPE differentiation. On the day of the experiment, hfRPE cells were switched to CO 2 /HCO 3 -free HEPES-buffered Ringer (containing 5 mM glucose) and immediately transferred to the Seahorse analyzer and a baseline OCR measurement was obtained. Next lactate or gluconate (at a 10X concentrate) were injected into each well (n = 3 each) to achieve 5 mM final concentration and subsequent changes in OCR were recorded. (A) Glucose enters RPE cells via a facilitated glucose transporter (GLUT) and is metabolized to glucose-6-phosphate (G6P) by a mitochondria-associated hexokinase 2 (HK2). G6P are shunted into the PPP, a process regulated by G6PD (the first enzyme in PPP). The rest of G6P enters the glycolytic pathway, in which glyceraldehyde phosphate dehydrogenase (GAPDH) converts glyceraldehyde-3-phosphate into 1,3-biphosphoglycerate. Lactate that enters the cell via MCT1 bypasses the glycolytic pathway and is directly converted to pyruvate. Pyruvate enters the mitochondria where it is processed through the TCA cycle to generate NADH to fuel the ETC. 6-aminonicotinamide inhibits PPP by targeting G6PD. 2-deoxy D-glucose (not shown) inhibits glycolysis by acting as a competitive inhibitor for the production of G6P. 3-bromopyruvate and iodoacetate inhibits glycolysis by targeting HK2 and GAPDH, respectively. Antimycin A blocks complex III activity, thus shutting down the TCA cycle and ETC. (B) P2 Differentiated (30% density) and (C) dedifferentiated (2% density) hfRPE cells cultured over 21 days in 96-well plate were switched to glucose-free Ringer's solution (100 µL/well) and incubated overnight at 37°C and 5% CO 2 . The next day, a mixture containing 10 µL of a 13X glucose, lactate, or pyruvate stock + 20 µL of 6X Biolog reagent was injected into each well (n = 5 each). Absorbance (AU) was measured at 590 nm over 2 hr at 30 min intervals and the rate of increase in absorbance (ΔAU/hr, which directly correlate with NADH and NADPH production rate) was calculated for each well. Glucose metabolism of (D) differentiated and (E) dedifferentiated hfRPE cells was evaluated in the presence of 2-deoxy-D-glucose, Naiodoacetate, 3-bromopyruvate, and 6-aminonicotinamide (n = 5 for each condition). In these experiments, 5 µL of a 25X inhibitor stock was manually pipetted into each well, mix by tapping the plate. 30 min later, 20 µL of glucose + BiologReagent mixture (1.25 µL of a 0.5 M glucose stock + 18.75 µL of the 6X Biolog reagent) was injected into each well using a repeater pipette. Rate of increase in absorbance at 590nm was measured as previously described. Data is presented as % metabolism relative to glucose control (without any inhibitor; 100%) and Ringer control (no substrate; baseline reads set to 0%). Statistical analysis was performed using students t-test, p < 0.05 is considered statistical significant. P2 differentiated (30%) or dedifferentiated (2%) hfRPE cells on 96-well plate cultured over 21 days were switched to glucose-free Ringer (containing 1X ITS and 5% HI FBS) and incubated overnight at 37°C and 5% CO 2 . On the day of the experiment, cells were pretreated with 100 nM antimycin A (ETC complex III inhibitor) for 15 min before a 20 µL mixture of (A) glucose (5 mM) or (B) pyruvate (5 mM final conc.) + 6X Biolog reagent was added to each well (1.25 µL of 0.5 M substrate stock + 18.75 µL of 6X Biolog reagent). Absorbance at 590nm was obtained every 30 min over 2hr and the NADH and NADPH production rate was calculated.
